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ABSTRACT 
TiO2 layers and nanolayers are widely studied due to its technological applications. This material could 
be used in solar cells, transmission, emission or selective reflection, among other applications. In this 
paper, we show a characterization of layers of TiO2 grown by two different methods, Pulsed Laser 
Deposition (PLD) at atmospheric pressure and spray pyrolysis (SP). The samples were characterized 
by SEM, EDS, AFM, XRD and Raman Spectrometry. 
Key words: TiO2 layers, spray pyrolysis, air pulsed laser deposition 
RESUMEN 
Las nanocapas cerámicas son ampliamente estudiadas por su interés en aplicaciones tecnológicas. 
Estos recubrimientos pueden conformar celdas solares, superficies de transmisión, emisión o reflexión 
selectiva de luz, entre otras tantas aplicaciones. En este trabajo se presenta una comparación entre 
películas delgadas de TiO2 depositadas por ablación láser pulsado (PLD) y por nebulización pirolítica 
(sol-gel spray-pyrolisis, SP). La caracterización de las nanocapas se realizó empleando diversas 
técnicas como microscopía electrónica de barrido (SEM), espectrometría de dispersión de energía de 
Rayos X (EDS), microscopia de Fuerza Atómica (AFM), Difracción de Rayos X y espectroscopia Raman. 
Palabras clave: capas TiO2, spray pirólisis, PLD en aire 
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1. Introduction 
TiO2 is an n-type semiconductor that has emerged as an extremely valuable oxide for numerous 
technological applications because of its unique electrical and optical characteristics. It is mostly used as 
thin films because of its unusual properties such as high refractive index and high dielectric constant. 
Due to these properties, TiO2 thin films can be used in several applications such as microelectronics, solar 
energy conversion, photo-catalysis, photovoltaic, optical systems such as multilayer structures that can 
be anti-reflective or exhibit high reflectivity at a specific wavelength and, organic light emitting diodes. 
Also, thin films made of TiO2 are frequently used for optical coatings due to their unusual optical 
properties, wide energy band gap, transparency throughout the visible spectrum and a high refractive 
index over a broad spectral range that spans from ultraviolet to the far infrared region.[1-3] 
Many methods such as electron beam evaporation, chemical vapor deposition, magnetron sputtering, 
pulsed laser deposition (PLD) among others have been successfully developed to synthesize transparent 
TiO2 thin films. However, these processes need moderate to high vacuum atmospheric conditions to be 
carried out and therefore, require expensive equipment. Moreover, these methods are not suitable for 
deposition over a large surface area. We focus the present study on the comparison of coatings made by 
inexpensive techniques: atmospheric pressure PLD and sol-gel spray-pyrolysis (SP). 
In the case of SP, deposition route works under open atmospheric conditions and is therefore, highly 
suitable for relatively large surface area coatings. High dense non-porous anatase titania films have been 
synthesized by sol-gel technique. Films of nominal porosity find applications as gas sensors and UV 
sensors. Films of optimized porosity are imperative for gas sensor applications as the number of 
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interactions of gas molecules increases with the film’s surface area thereby increasing its response and 
sensitivity. Films of controlled porosity synthesized by spray pyrolysis technique have been applied for 
large area deposition and are ideally suitable for gas sensing applications.[4] 
PLD is a technique which uses focused pulses of laser energy to remove material from the surface of a 
target. The vaporized material, containing neutrals, ions and electrons is known as a laser-produced 
plasma plume and expands rapidly away from the target surface (velocities typically ~106 cm s−1 in 
vacuum). Film growth occurs on a substrate upon which some of the plume material condenses. In 
practice, many variables affect the properties of the film, such as laser fluence, background gas pressure 
and substrate temperature. These variables allow the film properties to be manipulated somewhat, to 
suit individual applications. PLD has been applied with multiple experimental variations like different 
types of laser (all the Nd:YAG harmonics have been tested as excitation source), micro, pico, nano and 
femtosecond laser pulses have been applied. Also, laser emitting single or multiple pulses were 
performed in previous works[1]. To the best of our knowledge, a variant of PLD unexplored until these 
days is the implementation of PLD without a vacuum chamber that is so says PLD in air or under 
atmospheric pressure. This variant has the simplicity that uses neither vacuum pump nor chamber, 
which significantly simplifies the manufacturing process. One possible drawback of this approach is 
regarding the quality of the layers obtained. However, not all the applications need a high-quality smooth 
layer: regarding photocatalysis and photovoltaic applications of TiO2 coatings, the most critical limitation 
is its low absorption in the visible region. Thus there are extraordinary efforts in sensitizing TiO2 with 
visible absorbing materials or by producing non-stoichiometric TiO2, i.e., TiO2-x which is usually known 
as “black” TiO2. On the other hand, in photocatalysis and photovoltaic applications anatase is the phase 
of choice because of its higher photoelectron yield, while rutile is most used in optical devices because 
of its higher stability.[2-6] 
This paper aims to report a comparison between TiO2 coatings obtained by the two previously 
mentioned inexpensive techniques. We analyze the following properties of samples generated by PLD 
and SP: porosity (useful to gas sensing), composition (regarding for photocatalyst) and crystalline phase 
throughout well-known Raman spectrum of TiO2. We also propose possibly applications for these 
manufacturing methods according to the obtained results. 
 
2. Material and experimental set-up. 
The deposition by PLD was done on soda-lime glass substrates using a commercial TiO2 target (Kurt J. 
Lesker with a purity of 99.99%). In the ablation process, a home-made Nd:YAG laser was employed; the 
laser emitted a Gaussian beam with a nearly negligible hot spot in the focus region, the wavelength 
emitted was 1064 nm and was operated at a frequency of 10 Hz. The deposition was performed under 
atmospheric pressure, with a target-substrate distance of 1 cm and without heating the substrate. The 
total energy for each emission was adjusted to 104 mJ, which fixed the working fluence at 2 J.cm-2. More 
details of the laser can be found elsewhere.[1, 7] The laser beam was rastered over the target, and it was 
rotated. The deposits were made with nearly 4000 laser pulses. 
The coating made by SP was fabricated from a precursor solution containing titanium butoxide as a 
titanium source (TB), acetylacetone (AcA) as a stabilizer and ethanol as a solvent. A TB concentration of 
6% v/v and a TB:AcA molar ratio of 1:2 were employed. This solution was stirred for 30 min at a 
temperature of 60 ºC. The solution was atomized through a conventional airbrush using pressurized 
nitrogen (between 150 and 200 Kpa) at a rate of 350 l/h. The film was generated by manually atomizing 
the solution over a heated (350-400 °C) glass slice (soda lime) employed as a substrate. After this, the 
coated substrate was annealed for 30 min at 600ºC employing heating and cooling slope less than 2 
ºC/m. 
Before the deposition, the substrate was cleaned with detergent, distilled water, ethanol and acetone. 
The morphology of the samples was evaluated by scanning electron microscopy (SEM) (JEOL 6000) and 
atomic force microscopy (TT AFM Workshop) with a Si tip in the contact mode. The chemical 
composition of the films was determined by energy dispersive X-ray spectroscopy (EDS) (Apollo XL-SDD, 
EDAX). To perform X-Rays Diffraction technique (XRD), A Bruker XRD D2 Phaser was employed. 
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3. Results and discussions 
3.a. Morphological and compositional determination. 
Figures 1(a) and (b) show SEM micrographs for the films deposited by PLD and SP, respectively. The 
appearance of the samples is entirely different: the coating manufactured by PLD presents a large 
opacity, while the sample obtained by SP is entirely transparent for normal incidence angle. From 
observation with optical microscopy and a submicron positioner stage, it was determined a thickness of 
around 9 m for PLD layer and a thickness of less than 300 nm for SP layer. 
On one hand, the large particles in PLD coatings were produced by the splashing effect which is typical 
of this method. Also, for this coating the surface seems irregular, and some pits are observed. This was 
confirmed by AFM images (see Figure 2(a)) where a highly inhomogeneous surface with valleys and top 
can be seen. It was not possible to measure the distance between a valley and top because it was out of 
range for the AFM instrument (it is higher than 3 m). On the other hand, the SEM image of TiO2 layers 
obtained by SP shows a smooth surface, with very little splashed material and mainly without pits. This 
was also confirmed by AFM image presented in Figure 2(b), a smooth surface with a few pits of at least 
50 nm thick. In summary, by examining both AFM and SEM images, it was concluded that the layer 
obtained by PLD is less homogeneous and presents a higher degree of roughness (more than 3 µm) than 
the layer obtained by SP technique (less than 80 nm).  
 
 
 
 
 
 
 
 
 
 
 
Fig 1: (a) TiO2 layers obtained by PLD at atmospheric pressure. (b) TiO2 layers obtained by SP. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: (a) AFM height images of layers grown by PLD and (b) SP (figure B). 
 
The composition of samples was estimated employing EDS measurement and well-known ZAF semi-
quantitative correction method[8]. In Figure 3, the measured spectrum for SP and PLD films is shown. On 
one hand, Ti and O, which belong to the deposited layer, were detected. On the other hand, Si, Na, Mg, Ca 
and a portion of O atoms correspond to the glass substrate and were also present in both samples. This is 
because the electronic beam penetrates more in-depth than the width of the films. To analyze the 
composition of thin films which are composed of Ti and O, the percentage of O atoms corresponding to the 
substrate was subtracted from each composition. To this end, an EDS spectrum and quantification was 
performed for each substrate employing the same experimental conditions used for each layer and the ratio 
5m 10m 
656 nm 
- 826 nm 
49 nm 
-44 nm 
(a) (b) 
(a) (b) 
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between Si and O was determined. With this information the proportion of oxygen atoms corresponding to 
glass substrate was subtracted to the sample composition using Si atoms as a reference. After this 
procedure, Ti and O ratios in the samples were determined and the results are presented in Table 1. 
According to the well-known stoichiometry, it is expected a mass ratio O:Ti of about 0.7. The stoichiometry 
obtained by both of the deposition methods gave satisfactory results, taking into account the uncertainty of 
the semi-quantitative analysis [9]. On one hand, the composition obtained by SP almost matched the 
expected stoichiometry, which is in accord with previously published results[10]. On the other hand, layers 
grown by PLD have an excess of oxygen, which could be generated by a selective ablation process. This 
consists of the enrichment of the gas phase formed immediately after the ablation by one of the components 
and plays a crucial role in the stoichiometry. 
 
Table 1. Mass proportion estimated by EDS semi-quatitative ZAF method for SP and PLD samples 
 Ti (Mass %) O (Mass%) O:Ti 
PLD 55.2 +/- 5.0 44.8 +/- 4.2 0.8 +/- 0.1 
SP 59.93 +/- 4.8 40.07 +/- 4.7 0.7 +/- 0.1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. EDS spectrum for (a) PLD sample and (b) SP sample. 
 
The degree of crystallinity in the studied samples was tested using Raman Spectroscopy. The anatase phase 
has a well-known Raman spectrum, and the vibrations are widely characterized in bibliography. [8, 11-13] 
The Raman spectrum showed in Figure 4 (a) corresponds to the layers grown by PLD. In this spectrum only 
the most intense peak corresponding to the anatase phase can be seen, and the other usual peaks are 
missing. Presumably, this is due to a low degree of crystallinity. By another way, the spectrum showed in 
Figure 4 (b), corresponds to the nanolayer grown by SP where all the peaks corresponding to the anatase 
phase were labeled. This means that this sample should have a high degree of crystallinity. 
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Figure 4: Raman spectrum of (a) PLD deposited coating and (b) SP deposited coating. 
 
Typical XRD measurement was performed for both samples, and the results are presented in Figure 5. In 
Figure 5(b), for the SP sample, only the most intense peak corresponding to the anatase phase (at 25.4 ºC) 
was observed. The other peaks cannot be distinguished from the noise, in agreement with previously 
reported works.[10] In the case of PLD sample (Figure 5(a)) anatase peaks were not observed because this 
TiO2 film has a low degree of crystallinity, as was determined by Raman measurement.  
Figure 5 (a) XRD measurements for PLD sample and (b) SP sample. 
 
4. Conclusions 
TiO2 films were deposited by PLD and by SP; both techniques were performed under atmospheric pressure. 
The structure, composition, and surface roughness were studied to compare morphological aspects and 
stoichiometry of the samples. The morphology of the layers was smooth in the case of the SP samples and 
definitively inhomogeneous in the case of PLD samples. Therefore, the homogeneous roughness of SP films 
makes them appropriate for high refractive index coatings over lens and mirrors, for example, for selective 
optical reflection or transmission. Considering the composition of samples manufactured by PLD and SP, 
both have an acceptable stoichiometry, within the uncertainty of quantification. 
Also, to the best of our knowledge, layers of TiO2 grown by PLD at atmospheric pressure are firstly reported 
and characterized.  
In the future, thermal treatment will be applied to the samples obtained by PLD under atmospheric 
conditions to increase their crystallinity. In this sense, it is also required an exploration of the characteristics 
(a) (b) 
Glass signal 
(a) 
(b) 
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of deposited films as a function of the relevant parameters that governs physiochemical process (i.e., the 
wavelength of the pump laser, time of deposition, the energy of pulse, among others). 
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